This article is aimed at describing the technology, system architecture and specifications of a new 3-D Nd:YAG scanning lidar. Main features of the system are interspersed low-range (typ. 500 m -4 km) and far-range exploration (typ. 4 km -50 km), open user-configurable scanning tools and a specific architectural design based on parallel CPU control, a LabView user interface and a digitally controlled optoelectronic receiver. The latter provides key advantages to the whole system architecture such as calibration of lidar returns in terms of absolute power and repeatability.
INTRODUCTION
Since as early as 1963 when Fiocco and Smullin' first bounced a laser beam off the moon, elastic-backscatter lidars provide a unique highly spatially resolute tool for aerosol content monitoring, ceilometry studies (cloud-height extent) and environmental control2. Pulsed elastic lidars are remote sensing instruments that take advantage of the relatively strong interaction among the emitted laser pulses and the aerosols and molecules in the atmosphere (Mie and Rayleigh scattering).
As a result, the backscattered radiation (at the same wavelength as the incident one) conveys information about the atmospheric state in terms of range-dependent extinction and backscatter profiles from which, using either co-operative instrumentation or a priori assumptions, it is possible to retrieve physical parameters of concern3.
Since 1993, the Polytechnic University of Catalonia (UPC) has been involved in the design and construction of lidar instruments and inversion algorithms47. As regards to backscatter systems, a O.5-J Nd:YAG pulsed backscatter lidar fixed lidar station was built in 1996 and since then, a fairly interesting 3-D O.35-J Nd:YAG scanning portable lidar has been developed. A more stringent specification for this system was that it had to able to perform both short-and far-range (stratospheric) exploration in dual window mode. The motivation for this design specification is discussed in Sect.2 and its architectural implementation in Sect. 3. Sect. 4 outlines the main features of the digital optoelectronic receiver masterpiece, Sect. 5 presents an algorithm for absolute responsivity calibration and Sect. 6 a photographic overview of the lidar instrument.
DYNAMIC RANGE AND THE DUAL WINDOW APPROACH
Usually, common backscatter lidars use a receiver chain that comprises an optoelectronic receiver and a lO-to-12-bit acquisition card. The former basically consists of either an avalanche photodiode (APD) or a photomultiplier tube (PMT) followed by a transimpedance amplifier (i.e., a current-to-voltage converter), whereas the latter is an analog-to-digital converter (ADC) in a PC. Since each bit of the ADC equals 6 dB dynamic range in terms of voltage output (equivalently, 3 dB/bit in terms of power levels at the receiver input), a typical 12-bit card offers 72(36) dB voltage (power) dynamic range.
In practice, this figure is limited by inherent electronic thermal noise in the card so that a practical figure usually lies in the 60-65 dB interval. This is to say that for most systems, the maximum and minimum detectable voltage levels V(R) at the receiver output can only differ in three orders of magnitude or so. The equivalent receiver chain prior to the acquisition card performs the following linear conversion
where V(R) is the analog voltage [V] at the receiver output (equivalently, at the acquisition card input), P(R) is the input lidar backscattered return power [WJ, R1 is the detector current responsivity [A/W] (a function of the polarization voltage), G is the equivalent variable transimpendance gain [V/A=Q] of the receiver chain, where G G,j and V0 [VI is the net equivalent offset at the receiver output. In fact, V0 merges into a single body background-power induced (e.g. solar background), unwanted electronic biases plus a digital-to-analog (DAC) user-generated bias used as offset correction.
Eq.(l) states that one can view the optoelectronic receiver as a linear transformation that maps P(R) into the limit of the bipolar acquisition card using the most appropriate settings of receiver gain, G, and net offset, V0, for each atmospheric scene at hand. In order to make the most from the ADC dynamic range, two system operation conditions must be met:
1) System-generated offset V0 must be set so that very far returns, for which P(R -> oo) P with 'back the background component, are mapped toV(R -> oo) = -V . Using Eq. (1),
2) Gain G must guarantee that peak returns along the exploring range do not saturate the digitizer. Very often, return power peaks occur at the range of full overlap (OVF) between the laser beam and the telescope field-of-view, R0, or in cloud regions. IfP, denotes the maximum return intensity ofthese peaks, the gain setting becomes From a practical point ofview, ifa bipolar ADC were used, the system A-scope should draw
The procedure outlined above is illustrated in Fig.l . This real example uses a 12-bit acquisition card (CompuScope 1012 from GaGe Applied Sciences) and the plots represent V'(R) from Eq.(4), so that the background power return back is mapped to V'(R) OV and the absolute maximum ofthe exploration range, P,,, to some tentative 2V (the ADC dynamic range) in the vertical scale. Fig. 1(a) shows a 15-km 1.5-V data record and Fig.1(b) its range-corrected representation. Alternatively to Eq.(2) the V0 setting has been estimated by spatial averaging samples in the 95-100-km range, where the signal is thought to be extinguished. As seen in Fig.1(a)-(d) , the V0 setting turns out to be fairly well adjusted because the noisy signal return from 13-to-iS-km range is above the baseline.
Before proceeding further, it is interesting now to define the averaged quantization error, If V is the number of bits of the ADC and M the number of integrated pulses, then c can readily be computed as8 The situation is, however, quite different for the scene shown in Fig There is a way out, however, if such exploration range is divided into two (or more) exploring windows that use different G and V0 settings for each partitioned range. The solution is illustrated in Fig.2 and explained next in Sect.3. Assuming 65-dB ADC effective dynamic range in single window operation mode, the dual window approach will grant some 130-dB equivalent ADC dynamic range.
SYNCHRONIZATION AND ARCHITECTURE OVERVIEW
Dual-window operation and 3-D scanning features make system synchronization (sync.) more involved. For this reason and to specialise hardware unit functionality, a multi-CPU approach is followed. The core ofthe sync. system consists ofthe control unit and a digitally controlled patented optoelectronic receiver? (Tab. 2). Outstanding features of this receiver are that its gain and offset can be programmed via a digital bus and that a very fast enable feature permits both precise timing of the receiver listen window, when enabled, and very large output isolation, when disabled. The receiver has memory buffers so that it can operate using some predetermined gain and offset settings (G1, V051) while the required ones for the next laser shot (G2, V052) are being stored in its back-up memory. Settings update can either be synchronous to an external signal or asynchronous, though for the present application they are obviously synchronous.
System operation assumes a prior training stage where the user edits the lidar scan trajectory and defines some initial pairs (G1, V01, Rmini ) and (G2, V02, R,2) (see Fig. 2 ). During normal operation the computer monitors the recorded signal V'(R) and makes on-line corrections for the actual settings. This prevents saturation of the signal in case of visibility changes, moving clouds or thermal drifts that induce offset drifts in the receiver. Normal operation consists of a loop sequence that can be explained as follows (refer to Fig. 3 and Fig. 4 ):
When the laser shoots ((a) in Fig. 4 ) a little amount of scattered light is coupled into an optical fiber located nearby the laser aperture so that the fiber transmits this light sample into the master clock unit. Upon reception ofthis fire sample, the master clock issues a TTL-logic SYN_LASER1 signal ((b) in Fig. 4) . Here, we note that if very fine zero-range calibration is not needed, most synchronism signals available from the laser power supply would serve the purpose of the master clock so that it could be made redundant. Signal (c) in Fig.4 can either be signal (b) in Fig. 4 or a frequency divided version of it, which is often used for test purposes. Thus, identifying SYN_LASER2 signal with SYN_LASER1, SYN_LASER2 is used to inform the sync. and control units that a laser pulse has been fired. At this time, the sync. unit starts different time counts.
Time-out occurs when the programmed time 2R1/c (for the "exploring window 1" in Fig.2 ) or 2R2/c (exploring window 2) is reached. In practice, these times take into account intrinsic transmission line delays. Likewise, at time-out the sync. unit emits two signals slightly delayed to one another in order to enable the receiver listen window ((d) in Fig.4 ) on ahead and to trigger data acquisition ((e) in Fig.4 ). Lidar signal acquisition comprises the required number of samples according to the temporal (spatial) length of the current exploring window (for instance, assume range A-B in Fig. 2 ) plus a few ones around t=3ms. The latter ones are averaged to estimate V(oo) in Eq.(4) (note that t=3ms equals 450 1cm! , therefore, this time can be assimilated to R->oo). Once the acquisition has been finished, handshake signals can be established between the computer and the control unit during a 17-ms time frame ((f) in Fig.4 ). Offset thermal drifts or sudden changes in the atmospheric scenario may trigger correction orders from the computed side. If changes are needed, the computer sends a data burst consisting of the actual absolute coordinates for the azimuth and elevation steeping motors plus two sets of four parameters formatted as (tv. ç, G, V0). Each of these sets fully defines an exploring window in terms of the required gain, offset, receiver enable time t and, relative ADC trigger delay t the latter two parameters determining the minimum exploring range settings for the actual exploring window ((d), (e) and (g) in Fig. 4 ). Upon reception, the control unit decodes and splits this information into appropriate data protocols for its slave units. Thus, a routing head is added to the coordinate position data fields for the stepping stepping motors, and the (tv. t, G, V0) data set is passed on to the receiver and sync. units according to their own data protocols and communication timings. By t=42.5 ms the control unit issues a refresh signal to the receiver so that the new G and V0 settings for the next laser shot are updated and latched. If the computer does not request changes in the exploring window parameters (i.e., if no PC-LiP communication is received from line (1), Fig.4 ), then the two exploring window sets, (G1, V01, t1, tf1) and (G2, V02, ç,2, tf2), will continue to be send to the receiver and sync. units at each succeeding fire in ping-pong mode. Besides this basic routine, the control unit oversees its slave units. Thus, for instance, the control unit performs an initial test during the start-up sequence, it monitors alarm position switches and it bypasses start/stop and energy orders from the computer to the laser.
In summary, the dual window approach emerges as an efficient synchronous mechanism for automatic gain control, dynamic range enhancement and offset-drift zeroing.
RECEIVER FEATURES
Even for single-window operation, lidar receivers should at least exhibit four main characteristics:
1) Low-noise. For an APD-based receiver, as is the case, there are two main limiting situations in terms of signalto-noise ratio (SIN): the first regime or signal shot-noise limited mode occurs when noise due to the primary photocurrent (i.e., the lidar return power induced current on the APD) becomes dominant. Following4'10 the S/N ratio can be expressed as 10L )P(R) Eq.(6) underlines that for short ranges, which may well be the case of the "exploring window 1" in Fig.2 , a low F is needed, equivalently, a low NEP photodiode10. Note that this conclusion does not depend on the receiver gain G, which acts as a signal conditioning parameter (Eq. (3)).
2) Large gain. Continuing with our previous discussion, the second regime or thermal-noise limited mode, that the reader is more familiar with, yields that and, the rest of parameters have already been defined in Eq. (6) . Note that R=R0MG equals the total receiver responsivity [V/WI.
In the thermal-limited mode, which corresponds to far-range exploration ("exploring window 2" in Fig.2 ) the S/N degrades faster (l/R2) than in the shot-limited mode (l/R). Consequently, the system benefits the most from large receiver gains G, since the larger G, the better the S/N. Large gains put however some difficulties to electronic design. Usually, several stages are needed and decoupling and dominant-pole techniques must be used to prevent oscillation. Particularly from the lidarist point ofview, another important consequence is that large gains do mean large offsets at the receiver output and what is more, magnification oftheir thermal-drifts. In the case ofour lidar receiver, remote digital offset adjustment is a must.
3) Wide dynamic rangefor G. Assuming the simplifying condition 'back°Eq. (2) and expressing Eq.(3) solution in log-form, the gain variability is directly related to the variability in the expected P as
A concluding remark from Eq. (8) above is that the dynamic range of G equals that of the peak return powers one wishes to be capable to handle. Since P strongly depends on the atmospheric scene at hand and specific system geometrical settings, it is strongly advisable to have a variable gain G [V/A] (equivalently, a variable responsivity R [V/WI) as large as possible, 30 dB being an acceptable figure for most common single-window lidar systems.
4) Appropriate bandwidth. This is a well-known parameter so that according to the Nyquist sampling criterion8, BN must always be less than half your sampling rate. Yet, this requirement combined to requirement no.2 above often forces unpractical gain-bandwidth products so that several amplification stages are needed. (2) Output offset adjustment for 1-LSB variation. MIN -at minimum conditioning gain; MAX -at maximum conditioning gain.
Tab. 1 Main specs ofthe digitally controlled optoelectronic receiver developed.
For dual window operation, the specs are still more demanding and they require a digitally controlled optoelectronic receiver with variable gain and offset adjustment and a fast enable/disable feature. In addition to these specs., the optoelectronic receiver prototype presented in Tab. 1 also includes a low-rate built-in 16-bit ADC for miscellaneous purposes. Moreover, the receiver can be coupled to many optical instruments using mechanical add-ons so that its applications are not only limited to lidar but to medium-rate non-guided communications as well. The figures shown in Tab. 1 assume a built-in C30954 APD from EG&G.
RESPONSIVITY CALIBRATION
Responsivity calibration (R in units of [V/W]) permits to calibrate the lidar return signal in terms of absolute power [W}. This feature enables the presented lidar instrument to act as an absolute photometer. An interesting application of this is the possibility to perform solar radiance measurements for they play an important role in the study of earth radiation budget.
In order to calibrate the receiver total responsivity R (R=RG in Eq. (1)), the basic set-up consists of the lidar instrument shown in Figs.5-7, a mechanical chopper and a precision low-power calibrated diode laser. Light from the diode laser is directed into the telescope via the chopper, which is used to modulate a 1 -kHz signal. Since the modulated response can easily be separated from the offset component of Eq.(l) and V(R) reproduces the square wave in P(R) times the total responsivity R, R can be estimated as AV/z\P.
Since the bus-controlled architecture of Fig.3 enables automatic measurements to be performed and saved for each of the n64 programmable gains (G) and for each ofthe m==400 APD polarization tensions (we use a Standford Research P5-350 GPIB supply in 1-V steps), calibration of R is straighforward. The accuracy of the calibration algorithm is basically limited by the power measurement uncertainty of the calibration laser used and by thermal and quantization noises that add on the acquired samples. Fortunately however, the latter error sources can be minimized by means of averaging. Furthermore, the number of calibration measurements can be reduced from nxm to n +m, using the following two-step procedure: a) First, for a given APD polarization, sweep all the n receiver programmable gains G. If we depart from Eq. (1) and we neglect the offset term V0 (for it has nothing to do with the square-wave signal component), the measurement vector for step 1 results in
where V1 is the measured peak-to-peak voltage readout, R1 the APD current responsivity for the i-th polarization voltage setting and G is thej-th transimpedance receiver gain setting.
b) Second and last, for a given gain G1, sweep all the m APD polarization tensions in 1-V steps. This yields i=1..m (10) Therefore, net responsivity R(ij) can be computed as v.v. R(i,j)=RG1 = liD (11) 11 opt in n+m measurements only. Calibration algorithm efficiency is obviously lower than using nxm redundant measurements and again it can be estimated using standard error propagation techniques'1.
Though this solution is still not implemented, we are thinking of fixing a chip diode laser on/off modulated on the telescope primary lens and of integrating the whole calibration procedure into the LabView control application. You see, the laser (A) mounted on top of the aluminium platform (F), the reduction gear set (1) for the azimuth movement and its stepping motor (J) and, the digital receiver (K) coupled in place of the eye-piece. Other slots for eyepieces are coupled to the telescope by means of a rotary ball-and-socked joint (L). The whole structure is mounted on a tripod (M) so that it can rotate some 3000 in azimuth, this figure limited by the strain on the laser hose (N), which is bounded to the laser power supply (P). 
THE LIDAR SYSTEM INSTRUMENT
Presentation of the 3-D dual-window portable backscatter lidar is done in the form of a photographic tour in Fig.5 to Fig.7 
CONCLUSIONS
A dual-window 3-D scanning portable backscatter lidar has been presented. In Sect. 2 the reception stage of a backscatter system has been studied as a mapping function that transforms the dynamic range of the input optical return power to that of the analog-to-digital converter (ADC). Practical measurements have shown that there are instances in which the dynamic range of the ADC is not enough to properly quantize dim far returns. These situations are not only typical of cirrus clouds and stratospheric observations, even though they are the most frequent cases, but also of situations whose range of full overlap lies around 200 m or less. When simultaneous short-and far-range exploration is required, it has been shown that the dual window approach offers a more convenient solution. By means of this novel procedure, the exploration range is divided into two windows or segments so that at interspersed pulses, each of these windows is mapped into the ADC dynamic range using Eq.(l) transfer function. Implementation of the double-window technique implies a more evolved electronic system design, its minimum specs. being a synchronized architecture and an optoelectronic receiver that must feature digitally controlled gain, offset and fast enable/disable. A possible architecture has been outlined in Sect.3 and Fig.3 .
As a result of the dual window technique, dim far returns can be expanded to fill virtually the full range of the acquisition card. Contrary to the single window approach, for which peak returns may force a reduced gain G to avoid unwanted saturation, the dual window approach enables the far-range exploring window to usually operate at much higher gains. As discussed in Sect. 4, Eq.(7) high gain operation represents a boost in the S/N ratio.
Finally, Sect. 5 has given basic clues to calibrate the optical returns in terms of absolute power and, Sect. 6 an overview of the lidar instrument built.
